What mechanisms of flow control do animals use to enhance hydrodynamic performance? Animals are capable of manipulating flow around the body and appendages both passively and actively. Passive mechanisms rely on structural and morphological components of the body (i.e., humpback whale tubercles, riblets). Active flow control mechanisms use appendage or body musculature to directly generate wake flow structures or stiffen fins against external hydrodynamic loads. Fish can actively control fin curvature, displacement, and area. The vortex wake shed by the tail differs between eel-like fishes and fishes with a discrete narrowing of the body in front of the tail, and three-dimensional effects may play a major role in determining wake structure in most fishes. 
INTRODUCTION
Aquatic animals have evolved a diversity of propulsive mechanisms to locomote effectively through water. These mechanisms are a result of a long evolutionary history during which selection has acted on propulsive systems and generated an array of novel anatomical and physiological responses to the problem of moving though water (Fish 2000 , Lauder & Drucker 2004 . Aquatic animals (e.g., fishes, whales, seals, penguins) produce hydrodynamic thrust by acceleration of water through movement of their body and appendages, while simultaneously reducing the resistance to their motion through morphological design, phased kinematics, and behaviors.
Interest in animal hydrodynamics is related largely to flow control. Animals have been hypothesized to control flow both passively and actively, effecting enhanced performance in drag reduction, thrust production, and propulsive efficiency. Passive control is related to the anatomy of the animal, with morphology and structural features dictating flow over the animal's surface. Controlling flow regimes within the boundary layer has been at the center of long-standing arguments related to the possibility that animals use clever drag reduction mechanisms (Anderson et al. 2001 , Gray 1968 . In active control, the movements of the animal, under active muscular control, modify flow directly. Vorticity shed from the body or fins as structured vortices or shear layers is utilized to vector hydrodynamic forces during propulsion, maneuvering, and trim control.
This paper is not a comprehensive review of all aspects of aquatic locomotion in fishes and mammals, a topic far too diverse to cover in a meaningful manner here; a number of recent works provide overviews of much relevant biological and hydrodynamic literature (Bandyopadhyay 2004; Fish 2004; Lauder & Drucker 2004; Triantafyllou et al. 2000 Triantafyllou et al. , 2004 Webb 1998; Wilga & Lauder 2004a ). This discussion focuses on mechanisms of biological flow control by aquatic fishes and mammals, a topic with both a long history and considerable new data that reflect growing interest in understanding how organisms control fluid flow around their bodies and appendages.
PASSIVE FLOW CONTROL

Gray's Paradox
One of the most hotly debated ideas within biofluiddynamics has been the mechanism of viscous dampening for passive flow control to reduce drag in dolphins. The controversy known as "Gray's Paradox" resulted from the first attempt to evaluate swimming energetics through a simple hydrodynamic model (Fish & Hui 1991 , Gray 1936 , Webb 1975 . A rigid-body hydrodynamic model was used to calculate drag power of a dolphin and a porpoise swimming at high speeds (>7.6 m/s; Reynolds number >10 6 ). The results indicated that the estimated drag power could not be reconciled with the available power generated by the muscles (Gray 1936 ). Gray's (1936) calculations assumed that turbulent flow conditions existed in the boundary layer. His resolution to the problem was that the fully laminar boundary layer was maintained despite accepted hydrodynamic theory. The assertion that dolphins could maintain a laminar boundary layer remained and became the focus and justification of much of the work on dolphin hydrodynamics for the next 60 years (Fish & Hui 1991 , Fish & Rohr 1999 , Lang & Daybell 1963 , Romanenko 1995 .
The basic premise of Gray's Paradox, however, was flawed because of potential errors in estimation of dolphin swimming speed and inconsistencies between dolphin swimming performance and data on muscle power outputs. Gray used an observation of a dolphin swimming along the side of the ship from stern to bow in 7 seconds. If the dolphin was swimming close enough to utilize the flow pattern around the ship, its speed may have been artificially enhanced and energetic effort reduced due to the pressure distribution close to the ship (Lang 1966 , Weihs 2004 , Williams et al. 1992 . In addition, the duration of this high-performance swimming was for a sprint and Gray used measurements for muscle power output of sustained performance (3-5 minutes) by human oarsmen (Henderson & Haggard 1925) . Muscle fibers specialized for quick bursts can produce power outputs 2-17 times greater than muscle fibers used for sustained activities (Askew & Marsh 1997) .
Dolphins have the muscular capacity to swim at high speeds for short durations while maintaining a fully attached turbulent boundary layer. The turbulent flow conditions would delay separation of the boundary layer (Figure 1 ; Rohr et al. 1998) . When the boundary layer separates from the skin surface and interacts with outer flow, this results in a broader wake and increased drag, so delaying separation is beneficial to the dolphin. Separation is more likely to occur with a laminar boundary flow, producing a greater drag penalty compared to turbulent boundary conditions. Thus, the turbulent boundary layer remains attached longer because it has more energy than the laminar boundary layer. The increased drag of a turbulent boundary layer
Figure 1
Bioluminescence image of gliding dolphin. Courtesy of J. Rohr.
Figure 2
Drag coefficient plotted against Reynolds number for cetaceans. Data were obtained from experiments on rigid models, towed bodies, and gliding animals (closed circles) and from hydrodynamic models based on swimming kinematics (open circles). The upper solid line represents the drag coefficient for a flat plate with turbulent boundary layer and the lower dashed line is for a flat plate with laminar boundary flow. Solid triangles are drag coefficients for a rigid solid of revolution of the NACA 66 series. Figure from Fish & Rohr (1999). is small compared to the increase in drag due to separation, which is more prone to occur with a laminar boundary layer. When dolphins were actively swimming, flow separation appeared to be restricted to the tips of the lifting surfaces (i.e., flukes, flippers, and dorsal fin) (Wood 1973) .
Drag coefficients (C D ) for dolphins indicated full turbulent or transitional boundary layers (Fish & Rohr 1999 ; Figure 2 ). In general, data obtained from hydrodynamic models of actively swimming animals are higher than values from towing or gliding experiments and higher than theoretical frictional drag coefficients with turbulent boundary conditions (Fish 1998b) . Studies using towed models and gliding dolphins gave mixed results with some values of C D below fully turbulent conditions (Kayan 1974) . However, as Reynolds number (Re) increased, C D climbed into the turbulent regime (Figure 2) . No difference in drag was apparent when tripping rings were carried by a dolphin during gliding experiments (Lang & Daybell 1963) .
For actively swimming dolphins, high C D is expected because the oscillating motions of the flukes and body will produce boundary layer thinning (Lighthill 1971) .
The increased drag corresponds to a boundary layer that is thinner than that for a rigid body due to movements of the body perpendicular to the boundary flow. Lighthill (1971) estimated that skin friction could increase up to a factor of five. This effect was confirmed using computational fluid dynamics for undulatory swimming (Liu et al. 1997) , and also by Anderson et al. (2001) in experimental studies of swimming fish boundary layers. In addition, the pressure component of drag increases because the propulsive motions of the body produce a deviation from a streamlined body (Fish 1993 , Fish et al. 1988 . Behavioral patterns by diving mammals and birds demonstrate energetic savings by passive gliding (Williams et al. 2000) .
The idea that laminar flow could be maintained over the entire body of the dolphin was invigorated by Kramer (1960a Kramer ( , 1960b . Kramer claimed that the dolphin's smooth, compliant skin could achieve a laminar boundary layer without separation. The skin was proposed to deform and eliminate drag by viscous dampening. In viscous dampening, the compliance of the skin due to its viscoelastic properties would absorb energy from pressure oscillations and dampen perturbations of the Tollmien-Schlichting wave type to maintain laminar flow. A torpedo with an artificial skin based on the skin of a dolphin reportedly produced a 59% reduction in drag when compared to a reference model with fully turbulent flow. Attempts to later verify Kramer's results on passive compliance subsequently failed (Landahl 1962 , Riley et al. 1988 ), although some limited success in reducing skin friction has been possible with other compliant coatings (Carpenter 2000 , Gad-el-Hak 1987 .
Other possible mechanisms for drag reduction have focused on active skin compliance by large mobile skin folds (Aleyev 1977 , Nagamine et al. 2004 , Sokolov et al. 1969 ), addition of non-Newtonian additives from skin sloughing (Harrison & Thurley 1972 , Nagamine et al. 2004 , matching shear impedance of a developing turbulent boundary layer to the dolphin's blubber (Fitzgerald et al. 1995) , secretions from the dolphin eye (Sokolov et al. 1969 , Uskova et al. 1983 , viscosity reduction by boundary layer heating (Fish & Hui 1991 , Lang 1966 , Lang & Daybell 1963 , accelerated water flow due to propulsive movements of the caudal flukes (Gray 1936 , Romanenko 1995 , and muscular control by microvibrations (Haider & Lindsley 1964 , Ridgway & Carder 1993 . However, these mechanisms provided no drag reduction for dolphins (Fish 1998b , Fish & Hui 1991 , Fish & Rohr 1999 , Rohr et al. 1998 , Webb 1975 ).
Leading Edge Tubercles
The humpback whale flipper is unique because of the presence of large, rounded protuberances or tubercles located on the leading edge, which give this surface a scalloped appearance (Figure 3 ; Fish & Battle 1995) . The position and number of tubercles on the flipper suggested analogues with specialized leading edge control devices associated with improvements in hydrodynamic performance (Fish & Battle 1995 , Miklosovic et al. 2004 ). Bushnell & Moore (1991) suggested that humpback tubercles may reduce drag due to lift on the flipper. The occurrence of "morphological complexities" on a lifting body could reduce, or use, pressure variation at the tip to decrease drag and improve lift to prevent tip stall. Alternatively, various biological wings utilize leading edge control devices to maintain lift and avoid stall at high attack angles and low speeds. Lifting bodies used in turning must operate at high angles of attack while maintaining lift (Weihs 1993) . Humpback whale flippers are used in tight turning maneuvers associated with the whale's feeding ecology (Fish & Battle 1995) . The tubercles of the humpback whale flipper may function to generate vortices by excitation of flow to maintain lift and prevent stall at high angles of attack.
Experiments on wavy bluff bodies showed periodic variation in the wake width across the span (Owen et al. 2000) , which resulted in a drag reduction of at least 30% compared to equivalent straight bodies (Bearman & Owen 1998) . Wind tunnel experiments using humpback whale flipper models provided evidence that the leading edge tubercles serve to delay stall angle and increase total lift without increasing drag (Miklosovic et al. 2004) . Stall angles occurred at 12
• and 16.3
• for the models without and with tubercles, respectively (Figure 4a) . The maximum lift was somewhat greater for the model flipper with tubercles (Figure 4a) . The drag coefficient for the model with tubercles was less than without tubercles in the range 12
• < α < 17
• and was only slightly greater in the range 10
• < α < 12
• . (Figure 4b ). Peak lift/drag was greater when tubercles were present (Figure 4c ). A panel method simulation for wing sections with leading edge tubercles at a 10
• angle of attack ( Figure 5 ) demonstrated a 4.8% increase in lift, a 10.9% reduction in induced drag, and a 17.6% increase in lift to drag ratio in comparison to wings without tubercles (Watts & Fish 2001) . Tubercles enhanced flipper performance at modest angles of attack while offering no detrimental effects at zero angle of attack. Unsteady Reynolds-averaged Navier-Strokes (RANS) simulation (Paterson et al. 2003 ) on a NACA 63-021 baseline foil with and without equally spaced tubercles showed flow separation patterns and surface pressure were dramatically altered by the tubercles (Figure 6 ). For regions downstream of the tubercle crest, separation was delayed almost to the trailing edge. This appears to be due to an increase in pressure on the suction side, which locally reduces the adverse pressure gradient. The tubercles generate chordwise vorticity in the troughs as flow is convected along the leading edge ( Figure 6 ). In addition, the flow directly over the tubercle Panel method simulation of flow over an finite span wing at α = 10 • with straight leading edge (left) and leading edge tubercles (right) with top (upper) and bottom (lower) views. Colors represent the pressure differences on the wing. From Watts & Fish (2003) .
is accelerated posteriorly. These effects push the stall line further posterior on the flipper.
Modification of the leading edge to control flow around a lifting surface are also observed in sharks. Hammerhead sharks have large leading protuberances on their cephalofoil (head), which could control flow and reduce drag due to lift (Bushnell & Moore 1991) . Large scales (dermal denticles) have been found along the elongate pectoral fins of fossil chondrichthyans (Zangerl & Case 1973) . Such structures may energize the boundary layer and prevent separation and stall.
Dermal Denticles as Riblets
The use of riblets to reduce turbulent skin friction came in part from the study of modern shark dermal denticles (Walsh 1990) . Riblets are streamwise microgrooves that act as fences to break up spanwise vortices and reduce the surface shear stress and momentum loss by preventing eddies from transporting high speed fluid close to the surface (Choi et al. 1993; Moin & Kim 1997) . Fast-swimming sharks have scales with flat crowns and sharp ridges that are oriented longitudinally with rounded valleys (Reif 1978 , Reif & Dinelacker 1982 . Although the ridges are discontinuous due to the distribution of the scales, a 7-8% drag reduction is possible and values in this range have been measured for continuous riblets (Walsh 1990 ). The streamwise surface grooves of scallop shells also indicate that these organisms use riblets (Anderson et al. 1997) . Optimal riblet spacing is present in those scallops demonstrating the greatest swimming ability. Small ridges on the epidermis of dolphins had been hypothesized to stabilize longitudinal vortices (Yurchenko & Babenko 1980) , but the geometry of the ridges with rounded edges does not suggest an effective analogy with riblets (Fish & Hui 1991) .
ACTIVE FLOW CONTROL
Demonstrating Active Flow Control
Hydrodynamic forces acting on a flexible body and appendages could produce motion that appears to be generated by the animal, when in fact the observed movements are www.annualreviews.org • Fish and Mammal Locomotion 201 passive. It is all too easy to observe vortical structures in the wake shed by fins, flukes, or the moving body and conclude that these flow structures are actively generated. But a variety of flow patterns could result from the passive interaction of an appendage and the fluid. With fish fins, demonstrating active flow control is particularly difficult as fins are highly flexible structures easily deformed by imposed fluid loads. Extreme bending of fish fins can be observed during rapid movements (e.g., Jayne et al. 1996) , and the relative contribution of active and passive deformation remains unclear for the vast majority of cases studied. Also, as swimming animals change speed, the relative contributions of active and passive effects may change (Lauder & Drucker 2004 ).
Vorticity Production by the Body and Tail
The recent availability to biologists of high-speed video cameras (with frame rates of 250 to 2000 fps and greater) that can obtain high-resolution images (1024 by 1024 pixels or greater at these higher frame rates), coupled with continuous wave lasers of moderate power (10 W), has allowed a number of detailed studies of fluid flows produced by swimming animals using digital particle image velocimetry (DPIV; e.g., Drucker & Lauder 1999 Lauder & Drucker 2002; Lauder et al. 2003; Nauen & Lauder 2001a; Wilga & Lauder 2004b; Wolfgang et al. 1999) . Using high-speed cameras and continuous wave lasers permits excellent time resolution of vorticity generation as the body and appendages of swimming animals move; using pulsed laser systems typically provides poor temporal sampling for most biological movements in the 1-100-Hz range. Unsteady maneuvering movements in particular require continuous recording of flow fields at a rate of at least 250 Hz.
Although the body and tail in fishes are often treated together as a single flexible, undulating foil (Muller et al. 1997 ), we caution that kinematic studies have shown that the tail of fishes may undergo complex deformations independent of the body (Ferry & Lauder 1996 , Gibb et al. 1999 , Lauder 2000 . Fish tails have considerable intrinsic musculature (Gibb et al. 1999 , Lauder 1982 , Winterbottom 1974 ) that enables fishes to alter tail camber, area, and angle of attack during the tail beat (Lauder 2000 , thus shedding vorticity in unexpected ways. It is demonstrably not true that the tail of most fishes functions simply as a passive extension of the body when viewed in three dimensions. Indeed, the distinct morphological separation of the tail in most fishes via the considerable narrowing of the body at the region just in front of the tail (Figure 7a) suggests that most fish tails function as a distinct propeller, largely independent from the major drag-incurring body region anteriorly (Nauen & Lauder 2000 . Scombrid fishes (e.g., mackerel, tuna) also possess an array of distinct finlets, small separate fins, along the upper and lower margins of the caudal peduncle region. Finlet kinematic and flow patterns have been described by Nauen & Lauder (2000 .
This view of the fish tail as a propeller rather than simply a flexible extension of the body is also supported by patterns of vortex ring production by swimming fish tails. Nauen & Lauder 2000 side and backward, producing a thrust signature in the wake (Lauder & Drucker 2002; Lauder et al. 2003; Muller et al. 1997; Nauen & Lauder 2002a Wolfgang et al. 1999) . Most bony fishes possess tails with an externally symmetrical shape (Figure 7) : These tails are termed homocercal (Gosline 1971 , Lauder 1989 . Ellipsoidal vortex rings (Figure 8 ) are generated as fish with homocercal tails swim and have a minor axis (height) effectively equal to tail height, and a major axis (length) determined by swimming speed. The central momentum jet through the center of each vortex ring is typically not horizontal, but is angled down due to asymmetrical motion of the upper and lower tail lobes, which direct flow slightly down (Lauder & Drucker 2002; Lauder et al. 2002 Lauder et al. , 2003 . This induces torques around the center of mass that must be balanced by forces generated with other fins (Gibb et al. 1999 ). In addition, this momentum jet is angled back and to the side (Figure 8b,d , Nauen & Lauder 2002a , Wilga & Lauder 2004b There are few data on the hydrodynamic environment of the region just in front of the tail leading edge, but the analyses that have been done suggest that flow is strongly three-dimensional as the tail moves to the side (Nauen & Lauder 2001a) .
Sharks and fishes such as sturgeon possess externally asymmetrical tails termed heterocercal ; the upper lobe is larger than the lower lobe, and
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Figure 9
Schematic summary of the wake behind a steadily swimming eel at three different times in a tail beat cycle, derived from experimental hydrodynamic analysis of steadily swimming eels, Anguilla rostrata. Vortices are shown by red and blue curved arrows, and lateral jets are indicated by block arrows with lengths and orientation corresponding to jet flow magnitude and direction. Vortices form by the rollup of the shear layer shed by the tail. Note the relative lack of body movement in the front half of the eel. (Modified from the tail possesses an inclined trailing edge (Figure 8c) . Vortex rings shed from the heterocercal tail of spiny dogfish sharks possess a ring-within-a-ring structure due to the temporal asymmetry in tip vortex rollup between the upper and lower tail lobes (Wilga & Lauder 2004b ). Formation of the shark tail ring-within-a-ring structure vortex structure appears to occur by a similar mechanism to that of ring formation when fluid is ejected from cylinders with inclined orifices (Webster & Longmire 1997 , 1998 .
In fish such as eels that lack a distinct propeller-like tail region, the vortex wake has a different appearance with momentum directed almost purely sideways (Tytell 2004a ). This pattern results from formation of an unstable shear layer leaving the tail tip that rolls up into two vortices over time. Figure 9 shows this process schematically, and Figure 10 shows details of the rollup measured from experimental hydrodynamic analyses of eel swimming ). The resulting vortex wake consists of pairs of vortices with a central momentum jet pointing laterally, with little downstream momentum. Thus, the wake of swimming eels differs from the typical wake of fishes with discrete propeller-like tails in which there is a clear thrust signature (e.g., Figure 8d ). The lack of such downstream momentum in eel wakes may be a result of both a rough temporal and spatial balance of momentum addition and removal along the body, and the relatively uniform longitudinal body profile lacking major changes in area and a distinct tail.
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Figure 10
Velocity transects through vortices in the wake of a steadily swimming eel to show the separation through time of the two vortex cores. The location of the center of the first vortex is indicated by the vertical dotted line, and zero velocity by horizontal dotted lines at each time. Sample flow fields at the times indicated by the arrows are shown on the right. The center of the first vortex core is indicated by a cross, and the center of the second by a circle. Idealized profiles through a single and two same-sign Rankine vortices are shown above and below the transect plots, respectively. Transect plots show fluid velocity at seven points through time along the line connecting the two vortex centers as indicated on the vorticity and vector plots to the right. (Modified from The front half of the body of swimming eels produces very low vorticity, consistent with observed kinematic patterns in which steadily swimming eels at low to moderate speeds of 0.5 to 1.5 Ls −1 possess relatively little lateral body motion in this region (Gillis 1996 (Gillis , 1998 Tytell 2004a; . Indeed, the view that eel locomotion involves large sideways movement of nearly the entire body even at slow Vortex wake of an accelerating eel. Acceleration is toward the left at 0.6 Ls −2 by an eel starting from steady swimming at 1.42 Ls −1 . Note the strong downstream jet flows between vortex cores (labeled 1), similar in direction and relative magnitude to steady swimming in fish with distinct tail propellers. (Modified from Tytell 2004b.) swimming speeds is one of the most enduring inaccuracies in the literature of aquatic swimming. Many workers accept the kinematic patterns shown for eels by Gray (1933) in his classic paper as a canonical representation of eel swimming. But, as discussed by , Gray's eels were small individuals that were most likely accelerating. Accelerating eels do exhibit much larger anterior side movements (Tytell 2004b) . But eels swimming in a controlled steady rectilinear manner do not display this pattern, and instead exhibit an amplitude envelope that is remarkably similar to that of other fishes : very low amplitude motion in the front half of the body, and rapidly increasing amplitude in the last one third of the body.
However, during linear accelerations by eels the thrust signature of downstream momentum in the wake that is absent during steady swimming appears (Figure 11) . Tytell (2004b) studied carefully controlled linear accelerations ranging from −1.4 to 1.3 Ls −2 and showed that axial fluid momentum appearing in the eel wake is significantly correlated with the magnitude of body acceleration. Thus, axial momentum in aquatic vortex wakes can reflect thrust, demonstrating the necessity of carefully controlling animal body movement and kinematic patterns when attempting to draw conclusions about the hydrodynamic structure of the wake.
The maximum spatial amplification and optimal creation of thrust-producing jet vortices lies in a narrow range of nondimensional frequencies referred to as the Strouhal number (St) (Triantafyllou et al. 1991) . Peak swimming efficiencies for cetaceans and fish occur at St = 0.2-0.4 (Figure 12 ; Rohr & Fish 2004 , Triantafyllou & Triantafyllou 1995 . Animal propeller efficiencies have been estimated at 0.77 to 0.98 (Fish 1998b , Fish & Rohr 1999 , Webb 1975 ).
Structure of Fish Fins
The fins of all fishes are stiffened with internal supporting elements, fin rays, that serve as sites of muscle attachment and support for the thin collagenous fin www.annualreviews.org • Fish and Mammal Locomotion 207 membrane that stretches between adjacent rays (Becerra et al. 1983 , Lanzing 1976 . In sharks these fin rays are cartilaginous and are single rod-like elements. However, in the 25,000 species of ray-finned fishes, fin rays have a remarkable bilaminar structure that has important implications for the hydrodynamic function of fins. Each fin ray is composed of two halves, termed hemitrichs (Geerlink & Videler 1987 , which are attached along their lengths and at the end by short ligaments and elastic fibers. Four separate muscles usually attach to the basal end of each ray, giving fish considerable control over fin ray position. If this musculature displaces one half of the ray to a greater extent than the other half, then the ray will curve, and control of curvature in this manner can be replicated in isolated fin rays. Bony fish thus have the ability to actively control the curvature of their control surfaces, a remarkable capability that makes fish propulsive surfaces different in character from insect wings and bird feathers . As a result, fish can actively resist hydrodynamic loading on the fin and curve their fin surfaces into oncoming flows.
Vorticity Production by Fish Fins
Only recently has high-resolution video data on the function of fins in freely swimming fishes executing various normal behaviors revealed how flexible fish fins actually are: Conformation and area of the fin surface may change substantially during execution of an individual locomotor sequence, as speed changes, and as the fish turns and brakes. For example, Figure 13 shows a variety of shapes taken by the pectoral and dorsal fins of three species of fishes during locomotion. Individual fins such as the dorsal fin surface can achieve a bend of almost 90
• during a maneuver, with little curvature of individual rays (Figure 13d ; Standen & Lauder 2005) .
DPIV on the fins of freely swimming fishes has revealed a number of interesting hydrodynamic aspects of fin function. The most complete data set has been obtained on bluegill sunfish, for which experimental fluid dynamic data exist on fins during steady swimming at a range of speeds from 0.5 to 1.5 Ls and dorsal and anal fin function during both propulsion and maneuvering. Figure 14 shows representative experimental hydrodynamic data from the bluegill pectoral fin (Drucker & Lauder 1999) . DPIV in three separate orthogonal planes of sunfish swimming at 0.5 Ls −1 reveals that each plane shows formation of a single vortex. Bluegill sunfish swimming at 0.5 Ls −1 use only their pectoral fins for propulsion and there is a pause between each fin beat during which vorticity is shed from the fin. Significant downstream momentum is added to the flow as the fin moves out (away) from the body (Figure 14d , frontal plane), indicating that thrust is generated by pectoral fins during both out and back fin movements. A schematic reconstruction of the vortex wake by sunfish swimming at 0.5 Ls −1 is shown in Figure 15a , where the single fin forces estimated from the vortex wake are given (Drucker & Lauder 1999) . As speed swimming speed increases, the formation of pectoral vortex rings changes and additional vorticity is shed on the upstroke (Figure 15b) , producing two rings, one of which remains attached to the body until it drifts back and is shed as a second ring.
In addition, differences in vortex wake structure are found among species and as swimming speed changes, which may partially explain why fish have gait transitions.
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Figure 14
Experimental hydrodynamic data on fluid flows induced by the pectoral fin in freely swimming bluegill sunfish at 0.5 Ls −1 . Pectoral fin particle image velocimetry data obtained in separate experiments from three separate orthogonal planes (shown above) are illustrated. In the frontal and parasagittal planes (a and b), flow is from left to right; in the transverse plane (c), flow is from behind and out of the page in the vector plot below. Fluid flow patterns are shown for two times during the fin beat: The first row of plots (d ) indicates flow at the time of fin beat reversal, the transition from movement out to movement toward the body. The lower three panels (e) show flow during the mid-to-late upstroke. The mean free-stream velocity of 10.5 cm s −1 was subtracted from all vectors in the frontal and parasagittal planes. Yellow arrow = 20 cm s −1 ; bar = 1 cm. (Modified from Drucker & Lauder 1999.) Bluegill sunfish use only their pectoral fins to generate locomotor force over a speed range of 0.5 Ls −1 to 1.1 Ls −1 , and above this speed they recruit additional fins to generate propulsive force (Drucker & Lauder 2000) . Why do bluegill change gaits by adding the tail and dorsal and anal fins as thrust generators? Surfperch (Embiotoca jacksoni) continue to use their pectoral fins throughout a wide range of swimming speeds, www.annualreviews.org • Fish and Mammal Locomotion 211 from 0.5 Ls −1 to 3.0 Ls −1 , and generate a double-linked vortex ring throughout this speed range without recruiting any additional fins (Figure 15c) . But as speed increases they reorient the vortex rings so that the central momentum jet is pointing directly downstream, with no side momentum (Figure 15d ). In contrast, as swimming speed increases in sunfish, pectoral fin vortex rings become increasingly oriented to 212 Fish · Lauder the side, so that less momentum is transferred to the water in a direction that would counter increasing drag forces (Figure 15d ). Bluegill rotate pectoral vortex rings to the side as speed increases, a direction that may enhance stability but not thrust. Other fins must then be recruited to accomplish a speed increase.
During yawing maneuvers, there is considerable functional differentiation between the right and left fins, and vortex rings from these fins are reoriented differently to accomplish the maneuver (Drucker & Lauder 2001b . The diversity of hydrodynamic function in pectoral fins has also been studied during braking behaviors and across species (Drucker & Lauder 2002a ,b, 2003 Wilga & Lauder 1999 .
Dorsal and anal fins of fishes have often been ignored as contributors to locomotor dynamics due to a primary focus in the literature on the body and tail. These fins, however, contribute significantly to the generation of stabilizing forces and thrust, and greatly alter incident tail flow. The upper and lower lobes of the tail in fishes thus do not receive free-stream flow. Rather, they see incoming flow greatly altered as a result of active movement of the dorsal and anal fins (Drucker & Lauder 2001a , Lauder & Drucker 2004 . Almost all fishes have a soft dorsal fin supported by flexible fin rays that can be actively moved by basal muscles (Figure 16a , shaded fin) (Jayne et al. 1996 , Winterbottom 1974 . But many species also possess a distinct spiny portion that appears to stiffen the leading edge of the soft dorsal fin (Figure 16b) ; the spiny dorsal fin is erected during rapid maneuvers, but remains depressed during routine steady swimming.
Representative vortex wakes shed by the dorsal fins of trout and sunfish are shown in Figure 16c,d . In trout, the dorsal fin vortex wake at slower speeds consists of a series of alternating side jets with a linear array of vortex centers that reflects active oscillation of the dorsal fin. The tail traces an oscillatory path through these jets and passes through the vortex centers (Figure 16c) . At higher speeds (2.0 Ls −1 and greater) the dorsal fin is not actively moved and only a thin vortex sheet trails behind the fin. The strong sideways momentum generated by the dorsal fin is mirrored by the anal fin, which similarly produces side flows. Thus, trout, even when performing steady rectilinear locomotion, actively use both the dorsal and anal fins to generate stabilizing side forces. (a, b) Schematic representation of the pectoral fin vortex wake in bluegill sunfish swimming at 0.5 and 1.0 Ls −1 , respectively. Mean stroke-averaged forces, calculated from the vortex wake, exerted by the pectoral fins during swimming at 0.5 Ls −1 are shown below these panels. The thrust force of 11 mN and the 3-mN lift force reflect thrust generated by both pectoral fins together, whereas the 7-mN side force is generated by each fin alone. (c) Pectoral fin vortex wake in surfperch at 1.0 Ls −1 . (d ) Comparison of vortex ring momentum jet angle as speed increases in sunfish and surfperch. Note that in sunfish, the vortex rings rotate to the side as speed increases, necessitating the recruitment of additional fins to overcome drag. In surfperch, vortex rings rotate downstream, providing additional thrust and allowing surfperch to achieve much higher swimming speeds with their pectoral fins alone. (Modified from Drucker & Lauder 1999 
Function of Mammal Flukes
Cetaceans (i.e., whale, dolphin, porpoise), which swim at high speeds, have a design encompassing high aspect ratio, oscillatory propulsors. Swimming is a highly derived locomotor behavior for mammals in which the caudal flukes act as hydrofoils to generate thrust by producing a lift force.
The hydrodynamic models that, in the past, were used to estimate thrust production and efficiency considered cetacean flukes as rigid hydrofoils or flat plates (Fish 1998a) . However, the flukes can be bent along the axes of the chord (i.e., distance from leading to trailing edges) and span. Structurally, the flukes are lateral extensions from the tail, and although the central axis of the tail is supported by a series of bony caudal vertebrae (Figure 17) , there are no bony supports in the fluke blades. The white-sided dolphin (Lagenorhynchus acutus) shows 35% deflection across the chord (Fish & Rohr 1999) .
Flexibility across the chord can increase propulsive efficiency (Bose 1995 , Katz & Weihs 1978 . The efficiency of an oscillating, flexible hydrofoil is increased by 20% with a small decrease in thrust, compared to a rigid propulsor executing similar movements (Katz & Weihs 1978) . In addition, bending across the chord throughout the stroke provides camber to the flukes (Figure 17) . Cambering could change flow over the fluke surface to increase the forces generated. Cambering would be beneficial to maintain lift production at the end of each stroke as the propulsor changes direction, when there is a period of feathering (i.e., parallel to the incident flow, producing no thrust and reducing efficiency). The propulsive efficiency of cetacean flukes remains high compared to standard marine propellers (Figure 18 ).
Using Environmental Vortices
Aquatic animals often travel in highly organized formations. Some of these behaviors have been hypothesized to reduce drag and enhance locomotor performance of individuals (Fish 1999) .
For animals, formation swimmers influence the flow of water around adjacent individuals. Vortices generated by anterior individuals pass backward and impact trailing individuals. If a trailing animal is oriented parallel and moving in the same direction to the tangential velocity of the vortex, the body will experience a reduction in its relative velocity. This reduction can decrease drag and the associated energy expenditure. Vorticity is shed into the wake of a passive body as two rows of www.annualreviews.org • Fish and Mammal Locomotion 215 Figure 18
Comparison of relationships of propulsive efficiency and thrust coefficient for four species of small whales and a typical marine propeller. Data for the whales were obtained from Fish (1998) , and data for the propeller (EMB 2294) are from Saunders (1957) .
counter-rotating vortices (i.e., Kármán vortex street) where the optimal position for drag reduction is directly behind another body (Fish 1994) . Although similar in pattern to the Kármán vortex street, a thrust-type vortex system has the opposite rotation of the vortices. In this system, which is generated by an oscillating foil, the optimal position is diagonal in a diamond pattern (Weihs 1973) . Thrust-type vortices produced by fish provide drag reduction in diamond-shaped formations (Weihs 1973) . Trailing fish experience a relative velocity 40-50% of the free-stream velocity and a reduction of the force generated for swimming by a factor of 4 to 6. However, the decrease in relative velocity is not maintained with each successive row of trailing fish due to destructive interference.
Small whales often position themselves beside and slightly behind the maximum diameter of a larger animal (Weihs 2004) . Whereas the larger whale experiences increased drag, the smaller individual gains an energetic benefit (Lang 1966 ). This effect is beneficial particularly for young whales in order to maintain speed with their mothers. A neonate can gain up to 90% of the thrust needed to move alongside the mother at swimming speeds up to 2.4 m/s (Weihs 2004) .
A new locomotor behavior was recently described in which fishes can use vortices shed by objects in flowing water and radically alter their locomotor kinematics to maintain station well downstream of any suction region (Liao 2004; Liao et al. 2003a,b) . This locomotor gait, termed the Kármán gait, was observed in fishes swimming 3 to 6 fish body lengths downstream of a cylindrical object in the Kármán vortex street shed by this object. When trout, for example, swim in a Kármán street, body kinematics are altered and large lateral oscillations of the center of mass occur as the body is buffeted from side to side in the vortex street. The amplitude of lateral body movement and body curvature are both much greater than during free-stream locomotion (Liao et al. 2003b) . Trout can maintain position in the central downstream flow in between vortices with very little activity of body musculature. This reduction in muscle activity when swimming in a Kármán vortex street strongly suggests that fishes are experiencing a considerable energy savings compared to free-stream locomotion.
PROSPECTUS
New insights into aquatic propulsion by animals can be exploited for the development of advanced propulsive technologies. These insights will come primarily from understanding the unsteady nature of animal movement, measurement of complex movement in three dimensions, use of computational methods that model both the animal's movement and its effect on the surrounding fluid, physiological and biomechanical studies of locomotor tissues in relation to thrust production and energy recycling, and analysis of appendages for thrust production, maneuvering, and stability.
